Abstract--There has been a growing need for high specific power electrical machines for a wide range of applications. These include hybrid/electric traction applications, aerospace applications and Oil and Gas applications. A lot of work has been done to accomplish significantly higher specific power electrical machines especially for aerospace applications. Several machine topologies as well as thermal management schemes have been proposed. Even though there has been a few publications that provided an overview of high-speed and high specific power electrical machines [1-3], the goal of this paper is to provide a more comprehensive review of high specific power electrical machines with special focus on machines that have been built and tested and are considered the leading candidates defining the state-of-the art. Another key objective of this paper is to highlight the key "systemlevel" tradeoffs involved in pushing electrical machines to higher specific power. Focusing solely on the machine specific power can lead to a sub-optimal solution at the system-level.
I. INTRODUCTION
There has been growing and continued interest in highspeed and high specific power electrical machines. In [1] , a survey of high-speed machines based on various application and machine topologies is reported as shown in Fig 1 and 2 . Another survey has been presented in [2] highlighting the key technologies that go into high-speed machines, as well as some performance figure-of-merit (FoM). For example, RPM√ is used to identify the safe limits for tip speeds to avoid running into mechanical and rotor dynamics issues. In [3] , a survey of high high-specific power electrical machines is disclosed. The focus in [3] is on the electric machine specific power and a general comparison between different machine topologies is presented. This paper will provide a more comprehensive survey of high specific power machines in terms of highlighting specific examples that are considered the state-of-the art. More performance details for these specific examples will be reported. Key "system" tradeoffs and considerations will also be discussed. The paper will mainly focus on electrical machines for land vehicles, aerospace application and to a lesser extent on oil & gas applications. II. MACHINES FOR LAND VEHICLES In this section, high-specific power electrical machines designed for hybrid/electric vehicles is covered. The focus will be on machines that stand out in terms of having significantly higher power density and/or torque density compared to many other machines in that crowded space. In this paper, the focus will be on electrical machines used in light-duty vehicles (since they usually target the highest specific power) while a comprehensive review of electrical machines used in other types of vehicles has been presented in [4] . In Table I provides a summary of some of the salient examples in this space. The following points can be observed:
• All high-performance machines in this space are PM machines. In addition to the high-specific • The wheel motors are lower-speed motors so their specific power is not as high but they have significantly higher specific torque. Usually there is a tradeoff between specific power and specific torque.
• The UQM is a central traction motors and its performance falls within the performance of other mainstream central traction motors.
• For automotive applications, it is important to remember that available space comes at a premium so power density/volume is of equal if not more important than specific power. This is why kg/liter (which is effectively the ratio of power density and specific power) is included in Table I .
• The DC bus voltage varies from 400-800V which is considered low voltage. This is suitable for the power ratings of these machines. III. MACHINES FOR AEROSPACE APPLICATIONS In this section, high specific power electrical machines designed for aerospace applications will be covered. Aerospace is the key area that requires substantial improvement in power density. This include More Electric Aircraft (MEA) [11, 12] , hybrid/electric propulsion [13] [14] [15] green taxiing [16] , and UAVs and Vertical Takeoff and Landing (VTOL) [17] . Tables II-IV provide a detailed summary of various electrical machines broken down by power ratings. The general trends include:
• Higher power (>100 kW) electrical machines cover applications ranging from small aircrafts (4 seats or more) all the way up to large commercial aircrafts (Honeywell machine). Electrical machines between 10-100 kW mainly cover smaller planes. Electrical machines <10 kW mainly cover UAVs and remote-controlled small planes.
• All machines are PM (radial inner rotor, radial outer rotor, and axial flux) • Higher power machines ≥100 kW are largely liquid-cooled. Lower power machines <100 kW are largely forced air-cooled.
• Lower-speed machines lend themselves better to tooth windings (due to the lower frequency, which is typically 10s-100s Hz) as well as directconductor cooling (due to larger fewer slots). Higher-speed machines (>1 kHz frequency) lend themselves better to distributed windings as well as indirect-conductor cooling (immersed stator, spray cooling, and cooling jacket).
• As previously noted, all the masses are "dry" masses not including the cooling liquid mass. If "wet" masses are included, the gap in specific power between liquid-and air-cooling will decrease.
• All machines are considered low-voltage machines (DC bus voltage ≤ 800V) • Lower-speed machines (< 3000 rpm) tend to have higher specific torque while higher speed machines (8000-24000 rpm) tend to have higher specific power.
• Most of these machines have significantly higher specific power and/or specific torque compared to machines used in the automotive sector. The emphasis is more on specific power and not power density and this is reflected in the kg/liter values.
• Key system tradeoffs and considerations will be discussed in section V. 
IV. MACHINES FOR OIL AND GAS APPLICATIONS
Even though the main focus of the paper are traction/propulsion applications which are the key drivers for high-specific power electrical machines, it is important to keep in mind that there other applications Oil &Gas applications that would benefit significantly from highspeed/high-specific power electrical machines that can lead to significant reduction in system footprint . A key area is high-speed machines for driving compressors. One example is shown in Fig. 3 [31, 32] . This machine is a surface PM machine with Halbach array. It has a specific power of ~1 kW/kg. Even though this is fairly low compared to traction/propulsion applications, it is fairly high for MW-class oil & gas machines. Even though typically the focus especially in aerospace applications is on specific power, efficiency is another key performance metrics. Typically, there is a tradeoff between specific power and efficiency. Specific Fuel Consumption (SFC) is dependent on both specific power and efficiency. Depending on the overall system architecture, sometimes it is better to design an electrical machine with lower specific power and higher efficiency.
(b) Fault-tolerance:
As shown in the paper, PM machines are really the dominant type since they have the entitlement in terms of high specific power and/or efficiency. For safety-critical applications, it is important to take fault-tolerance into consideration. This can lead to a significant reduction in 
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Full-Scale Prototype Rotor 6 MW 17,000 rpm specific power. Some of the propose designs that are either ironless and/or have airgap windings usually have very low inductances. This leads to very high fault-currents which would not be acceptable from a system perspective.
(c) System voltage:
System voltage is a key parameter. Even though all the machines presented in the paper are low voltage, for MWclass systems and depending on the aircraft size, there will be a need for higher system voltages in excess of 2 kV DC bus voltage. This is mainly to reduce the cables mass which can be the most dominant factor in the overall system specific power. The higher system voltage poses a challenge in terms of the insulation systems required to withstand such voltage levels at altitude (corona effects are more severe at higher altitudes). This will lead to a different and much thicker insulation build which will make the thermal management of electrical machines much more challenging (depending on the machine aspect ratio and whether spray cooling can be effective or not).
(d) Machine controllability:
Machine parameters affecting machine controllability are key factors that have to be considered while designing high-specific power machines. Similar to the comments about fault-tolerance, if a machine is designed with a low inductance, this poses control challenges to keep current ripple under control (to minimize its impact on losses and torque ripple) as well as the control stability. Another design parameter is the machine fundamental frequency. The higher the machine fundamental frequency, the higher the required switching frequency to maintain high quality current waveform. The higher switching frequency can have adverse effect on insulation system and/or sizing of filters. In addition, it can lead to higher switching losses in the power converter and hence reduction in overall system efficiency.
VI. CONCLUSIONS Interest and need for high-specific power electrical machines especially for various aerospace applications will continue to grow. This paper attempted to provide a comprehensive review of the state-of-the art in this area. The paper provide full details about specific examples. The paper also attempts to highlight the need for a "systemperspective" instead of just focusing on electrical machines in isolation. Hopefully the paper will serve as a useful reference for engineers and researchers working in this field.
